The distribution of terminal-sequence orientations in the viral DNA of bovine parvovirus (BPV), an autonomous parvovirus, was studied by end labeling and restriction enzyme digestion and also by cloning. The left (3') end of the minus strand of BPV was found in two alternative sequence orientations (designated as flip and flop, which are reverse complements of each other), with a 10-fold excess of flip. This is in contrast to the autonomous rodent parvoviruses which encapsidate'minus-strand DNA with only the flip orientation at this end. The right (5') end of the minus strand of BPV contained both sequence orientations with equal frequencies, as in the rodent parvoviruses. Sequence inversions were also detected'at both ends of the plus strand,'which makes up about 10% of the encapsidated BPV DNA. Each terminus of BPV DNA had a characteristic ratio of flip to flop forms, and this ratio was restored in the progeny DNA resulting from transfection with genomic clones of different defined terminal conformations. Replicative-form DNA showed the same distribution of terminal-sequence orientations as the reannealed plus and minus virion DNAs, suggesting that the distribution of flip and flop forms observed in virion DNA is not due to selective encapsidation, but rather to the specific distribution of replicative forms. The current replication model for autonomous parvoviruses, which was based on the available data for the rodent parvoviruses, cannot account for the observed distribution of BPV DNA. An alternative model is suggested.
Parvoviruses are small icosahedral viruses with singlestranded DNA genomes containing terminal palindromic sequences. These terminal regions have cis signals important in various steps of replication (6, 8, 9, 14) . A number of related models have been proposed for the replication of parvoviruses (1, 3, 7, 8, 14, 16, 21, 30, 31 ). An essential feature included in all these models is a hairpin transfer mechanism originally proposed by Cavalier-Smith (11) for the replication of linear molecules containing terminal palindromes. According to this mechanism, if a terminal palindrome is imperfect, two terminal sequences will result from the replication process and each will be the reverse complement of the other, arbitrarily assigned as flip or flop (3, 25) . If a restriction enzyme recognition sequence lies within such an unpaired region in the single-stranded DNA, that restriction enzyme will be diagnostic for the flip and flop orientations, since it will cut double-stranded DNA at two alternative sites depending on the orientation (21) .
The dependent parvovirus, adeno-associated virus (AAV), encapsidates equal amounts of plus-and minusstrand DNA. The left and right termini are identical, and the two alternative sequence orientations are found with equal frequencies at both ends of the plus-and minus-strand DNA, consistent with the hairpin transfer mechanism (8, 17) . The autonomous parvoviruses encapsidate various amounts of minus-strand DNA, from 99% for the rodent parvoviruses, which include minute virus of mice (MVM), H-1, and rat virus, to 90% for bovine parvovirus (BPV), to 50% for LuIlI (14, 28) . The left and right termini of the autonomous parvoviruses are not identical. The terminal-sequence orientations have so far been studied in detail only for the rodent parvoviruses (2) (3) (4) 24) . The right (5') termini of the minus * Corresponding author. strands of these viral genomes have been shown to exist in either orientation with equal frequencies, but the left (3') termini are unique. A modified rolling hairpin model (1, 14) was developed to account for the absence of sequence inversion at the left end. However, the generality of this model for the other autonomous parvoviruses remains to be determined.
In this study, the distribution of terminal-sequence orientations in the viral DNA population of BPV, a nonrodent parvovirus, was investigated by end labeling and restriction enzyme analyses and also by cloning. The results demonstrated the presence of both flip and flop conformations at the left end of the minus strand of BPV, in contrast to the unique conformation at this end for the rodent parvoviruses. The relation of this finding to the models of parvovirus replication is discussed.
MATERIALS AND METHODS
Clone construction. The construction and characterization of BPV infectious genomic clpnes pVT501, pVT502, and pGCSma20 have been described previQusly (27) . Left (12) , the left end of the minus strand of BPV DNA can exist in a most stable (maximum base pairing) Y-shaped configuration (Fig. 1A ). There is a unique HhaI (GCG/C) site in one of its arms. End labeling (which added a ddA base to the 3'-hydroxyl end and made the fragment one base longer) of the minus strand, followed by digestion with HhaI, should yield bands of 77 and 66 nt, correspotiding to the flip and flop conformations, respectively.
When the single-stranded BPV DNA (minus polarity only) was analyzed in this way, bands at 79 and 64 nt, which corresponded well with the expected lengths, were observed, along with a number of secondary bands (Fig. 2 ).
The band corresponding to the flip conformation at the 3' terminus was about 10-fold more intense than that corresponding to the flop conformation at the 3' terminus. Therefore, roughly 90% of the minus strands had the flip orientation, and only 10% had the flop orientation at the left end.
HhaI tends to make single-strand cuts within the duplex region containing the recognition site (3). Weaker bands in the end-label analysis ( Fig. 2 (3, 15) . The discrepancies between the expected terminal-fragment lengths and the observed ones are due, at least in part, to the effect of secondary structure on the migration of these fragments in a sequencing gel.
Equal frequencies of flip and flop forms at the right (5') end of the minus strand. The conformation of the right (5') end of the minus strand can be demonstrated by end-label analysis of in vitro-replicated minus strand. In vitro replication would yield a double-stranded DNA whose conformation at the right end is defined by the conformation of the minus strand. NdeI (CA/TATG) digestion would cut the in vitro-replicated BPV DNA at nt 5437 in the flip orientation and at nt 5422 in the flop orientation (12) . Replicated BPV virion DNA was thus analyzed, and two bands of 55 and 73 nt, with approximately equal intensities, were observed (12) .
The right terminus of BPV was previously assigned to nt 5491 on the basis of the data mentioned above and the sequence analysis of cloned Si nuclease-resistant fragments of single-stranded virion DNA (12) . However, in vitro replication of palindromic DNA by Escherichia coli DNA polymerase I Klenow fragment is often incomplete and arrests at specific sites that are capable of forming hairpin structures, as previously reported by Cotmore and Tattersall (13) and as described below. During cloning both of the right terminus of BPV and of infectious genomic clones from double-stranded virion DNA (27) , several of the clones obtained had the right terminus 26 bp beyond the previously assigned terminus of the genome. Also, one clone of the Si nuclease-resistant right terminus containing the same 26 additional bp was found (K. C. Chen, unpublished results). In addition, the fragment lengths of end-labeled, NdeIdigested double-stranded virion DNA were found to be 20 to 22 bp longer than those obtained from the in vitro-replicated DNA (see below). On the basis of this evidence, the revised terminus of BPV is placed at nt 5517 (Fig. 1B) .
Even though the terminal fragments of NdeI-digested in vitro-replicated minus-strand DNA were truncated because of incomplete replication, the band intensities indicated that both the flip and flop forms occur with equal frequencies at the right end of the minus-strand virion DNA, as demonstrated for other parvoviruses (1, 17, 21, 24) . This result is expected if the hairpin transfer mechanism were involved in the synthesis of minus strand with the plus strand as the template and its right-end palindrome as the self-primer. DNA have to be in the same orientation. The probability (P) of cutting at such a conformation is the product of the probabilities that each strand is in that conformation, as given by Pd(i) = PC(i) x P,(i) and Pd/o) = Pc(o) x Pv(o), where Pd(i) denotes the probability of double-stranded DNA being in the flip orientation. The ratio of flip to flop observed in the doublestranded DNA is then the product of the ratios for the individual strands,
End labeling and SmaI digestion of double-stranded, reannealed virion DNA from wild-type virus gave a major band at 42 nt and a minor band at 103 nt (Fig. 3A, lane 1) , which corresponded well with the expected 45 and 107 nt for the flip and flop conformations at the left end, respectively. Bands at 40, 41, and 43 nt were the result of terminal variations of the left end, as observed with HhaI digestion. The existence of a band corresponding to the flop conformation of the left end from double-stranded DNA provided additional evidence for its presence in the minus strand. The relative intensities indicated that the flip conformation was predominant at the left end. The flip-to-flop ratio in doublestranded, reannealed virion DNA was about the same as that observed in the minus strand after digestion with HhaI (Fig.  2) . Since the two ratios were about the same, this suggested, from equation 1, that the ratio for the plus strand must be close to 1. That is, for the virion DNA that was encapsidated as plus strand, half of it was in the flip orientation at its left end, and the other half was in the flop orientation. This would be the result expected if plus strands were synthesized by the hairpin transfer mechanism with minus strand as the template and its 3' hairpin as the self-primer.
Similar analysis of the right end of double-stranded virion DNA with NdeI as the diagnostic enzyme showed two bands of 77 and 93 nt (Fig. 3B, lane 1) . With the reassigned right end of BPV, the expected sizes of the flip and flop fragments would be 81 and 96 nt (Fig. 1B) , which were in reasonable agreement with the observed values. The flop band was about twice as intense as the flip band. Since the minus strand had equal proportions of flip to flop at this end, the ratio observed in the double-stranded DNA must result from the flip-to-flop ratio in the plus strands (see equation 1). Hence, for the plus strand, roughly one-third of it was flip and two-thirds of it was flop at the right end.
Terminal structures of BPV RF DNA. In vivo RF DNA (mostly of monomer length) (22) was isolated from BPVinfected cells 20 to 24 h postinfection by a modification of the Hirt procedure (29) . This DNA was subjected to end-label analysis by using SmaI for the left end and NdeI for the right end. The restriction fragments from these reactions were compared to those obtained by digesting reannealed, doublestranded virion DNA with the same enzymes ( Fig. 3A and  B) . The ratio of flip to flop at each terminus was the same for both RF and double-stranded virion DNA. Selective encapsidation could not be responsible for the observed ratios of terminal-sequence orientations in virion DNA, because the same ratios of flip to flop forms were observed in the RF population. Furthermore, the sizes of terminal NdeI fragments obtained from the two DNAs were the same. There was no extension of the right end of BPV RF DNA compared with the encapsidated virion DNA (1), in contrast to MVM.
Fate of flip and flop forms of transfecting genomic clones. Full-length genomic clones pVT501 (flop at left end) and pVT502 (flip at left end) have the same right end (in the flip form) and differ only in the orientation at the left end (27) . When the left ends of the progeny DNA of amplified transfections initiated with either pVT501 or pVT502 were analyzed by end labeling and SmaI digestion, both flip and flop conformations were observed and the ratio of the two forms was identical to that found in a normal infection (Fig. 4) . This suggested that, at the left end, one conformation could generate the other and that the flip form always accumulated preferentially in the viral DNA, regardless of the conformation present in the clone used for transfection. Similar analyses were performed on a different infectious genomic clone, pGCSma2O (flip at both ends [27] ), which is deleted by flip to flop at each terminus was indistinguishable from that for wild-type virion DNA (data not shown). The same phenomenon has been reported for AAV (26) and the right terminus of MVM (cited in reference 14).
DISCUSSION
The distribution of terminal-sequence orientations of BPV virion DNA was analyzed by end labeling and restriction enzyme digestion. The results demonstrated specific ratios of flip and flop conformations at both ends for DNA of either plus or minus polarity. In contrast, sequence inversion at the left end of the minus strand was absent in all the rodent autonomous parvoviruses studied to date (14) .
The presence of approximately equal amounts of flip and flop forms at the right ends of the minus strands, as well as at the left ends of the plus strands, suggests that hairpin transfer processes occur for synthesis of BPV virion DNA of either polarity. In either case, the complement to the plus or minus strand would serve as the template and self-primer from its 3'-terminal palindrome.
Transfection with genomic clones of BPV containing defined conformations at the ends resulted in progeny virion DNAs with distributions identical to that found in a normal infection. The same ratio of plus to minus strands (27) , as well as the same ratios of flip to flop forms at the ends of reannealed virion DNAs (Fig. 4) , were observed. This indicated that there must be inherent constraints on DNA replication for the establishment of such a specific distribution. Evidence exists that both cellular and viral factors are involved in these processes. Both H-1 and LuIll can infect NBE cells; however, H-1 encapsidates predominantly minus strands, whereas LuIlI encapsidates equal amounts of plus and minus strands (5, 19, 20) . The cellular influence is indicated by the observation that H-1 encapsidates various amounts of plus strand when propagated in different cell types (S. Rhode, personal communication).
The specificity of the distribution of terminal-sequence orientations in virion DNA is determined at the RF stage and not at the encapsidation stage (Fig. 3) . The presence of the same ratios of flip to flop forms in RF DNA and in doublestranded virion DNA for BPV argues against encapsidation of a subpopulation of progeny DNAs. If this were the mechanism for selection, the ratios in reannealed virion DNA would be expected to differ significantly from those in RFs. The data indicated instead that the distribution of RFs with different terminal-sequence orientations is responsible for the observed distribution of terminal-sequence orientations in virion DNA. The same conclusion was reached for MVM (1) from the observation that a unique sequence orientation was detected at the left end of both RF and virion DNA. However, the mechanisms for establishing spe progeny DNA distributions currently proposed and MVM replication (1, 14) are not adequate tc data for BPV. The replication mechanism for ) allows hairpin transfer with equal efficiency at b would predict equal distribution in both RFs DNAs.
The modified rolling hairpin model (1, 14) (8) DNA synthesis were the same regardless of the conforma-) explain the tion at the ends of the template. Then a uniform distribution kAV, which of RF and virion DNA would be established, as observed for )oth termini, AAV. To account for BPV distribution, suppose that the and virion rates of synthesis with the flip form at the left terminus were very slow compared with the rates with the flop form at the stulated as a left terminus or either form at the right terminus. Then most ication, proof the RF would be in the flip form at the left terminus mainly -rtain RFs to because these RFs with the flip conformation at the left end [VM. In that would be used less frequently as templates and remain in the site-specific flip form. Since the left terminus would be used as the primer )rtions, two and template for plus-strand synthesis and the right terminus rientation as would be used for minus-strand synthesis, mostly minus -onvert from strands with the flip form at the left end would be produced by repetitive from these RFs as a result of the different rates of synthesis s. However, from the ends. This would be the case for BPV, and if the ,-strand synrate were even slower for utilization of the flip form of the left terminus, the distribution seen with MVM could be of singleobtained. (32) . In our kinetic model, dimer RFs are possible intermediates but are not necessary in order to generate a specific distribution of RFs and virion DNA forms. If dimer intermediates are formed, they can be processed to two monomers by staggered nickings and repair of both strands. The observation of two alternative orientations at the left terminus of the minus-strand DNA of the autonomous parvovirus BPV shows greater diversity in the replication strategy of these viruses than had previously been suspected. To account for this diversity, we suggest that the relative abundance of the various viral DNA species are determined by the rate constants for synthesis of RF and progeny DNA from various templates. A more detailed description of this kinetic model for parvovirus DNA replication is in preparation.
